Fever is an evolutionary conserved defense mechanism which is present in both endothermic and ectothermic vertebrates. Ectotherms in response to infection can increase their body temperature by moving to warmer places. This process is known as behavioral fever. In this review, we summarize the current knowledge on the mechanisms of induction of fever in mammals. We further discuss the evolutionary conserved mechanisms existing between fever of mammals and behavioral fever of ectothermic vertebrates. Finally, the experimental evidences supporting an adaptive value of behavioral fever expressed by ectothermic vertebrates are summarized.
Introduction
Fever is defined as a state of elevated core temperature above its normal range in a defensive response against invading pathogens or lesions (IUPS, 2001) . It is a cardinal symptom of many infectious and inflammatory diseases (Evans et al., 2015) . This increase of temperature is part of an integrated physiological syndrome accompanied by neuroendocrine and behavioral modifications, which aimed to increase host survival mainly but not exclusively through enhancement of immune defenses (Roth and Blatteis, 2014) . Indeed, febrile temperatures can directly impact negatively the growth of invading pathogens (Anderson et al., 2013; Kwiatkowski, 1989; Mackowiak et al., 1982; Martel et al., 2014) . Moreover, the raise of body temperature can enhance the efficiency of the immune system by promoting both innate (e.g. by increasing the recruitment of neutrophils with elevated respiratory burst and by enhancing the phagocytic potential of macrophages and dendritic cells) and adaptive immunity (e.g. by increasing the rate of lymphocyte trafficking through lymphoid organs) (Evans et al., 2015; Launey et al., 2011) . Beside these salutary aspects, fever is also a metabolically costly defensive response: (i) a rise of core temperature of 1 C is correlated with an increase of 10e12.5% of metabolic rate (Kluger, 1979) ; (ii) the oxygen consumption is increased notably in the brain and heart which could be detrimental for certain illnesses (Launey et al., 2011) ; finally, (iii) the risk of seizures is increased in youths (Reid et al., 2009 ). Nevertheless, both endotherms and ectotherms develop fever, and its conservation and selective evolution over millions of years suggest an adaptive value of this defensive response .
Fever in mammals

Exogenous and endogenous pyrogens
Fever is classically induced through a humoral pathway (Roth and Blatteis, 2014) . Its signaling starts with the recognition of pathogen-associated molecular patterns (PAMPs) and/or damageassociated molecular patterns (DAMPs) by immune cells (Atkins and Bodel, 1979; Blatteis, 2006) . These stimuli, named exogenous pyrogens, are detected through germline-encoded pattern recognition receptors (PRR), a.e. the Toll-like receptors (TLR), which recognize conserved structures of microorganisms or signatures of tissue lesion (O'Neill et al., 2013) . These PRR are expressed by innate immune cells including macrophages, dendritic cells and neutrophils and upon activation, trigger proinflammatory and antimicrobial reactions (Mogensen, 2009) . Notably, their activation induces the release of pyrogenic cytokines called endogenous pyrogens such as interleukin (IL) 1b, IL6, tumor necrosis factor a (TNFa), and interferons (IFN) (Dinarello, 1999; Netea et al., 2000) . Both IL1b and TNFa can induce the expression of each other (Dinarello et al., 1986; Ikejima et al., 1990) and are potent inducers of IL6 (Zetterstrom et al., 1998) , which on contrary tends to be an inhibitor of IL1b and TNFa production (Netea et al., 2000; Schindler et al., 1990) . IL6 seems to be the major mediator for sustaining fever; indeed, IL6-knockout mice or IL6-neutralizing antibodiesinjected mice were not able to develop LPS-induced fever, even if TNFa and IL1b upregulation was unaltered (Chai et al., 1996; Hamzic et al., 2013; Kozak et al., 1998) .
The humoral pathway
Endogenous pyrogens produced locally migrate through the bloodstream to the brain where they penetrate the preopticanterior hypothalamic area (POA) either by active transendothelial transport (Banks, 2005) or by diffusion through the organum vasculosum laminae terminalis (OVLT) (McKinley et al., 2003; Roth et al., 2004) . The OVLT belongs to the sensory circumventricular organs (CVOs), which all lack a tight blood-brain barrier but rather present a fenestrated endothelium. Endogenous pyrogens activate nuclear factor-kappa B (NF-kB) (Laflamme and Rivest, 1999) and signal transducer and activator of transcription-3 (STAT3) (Rummel et al., 2005) , transcription factors in brain endothelial cells of a particular locus of the POA called the median preoptic nucleus (MnPO). These transcription factors target several genes among which those encoding the cyclooxygenase 2 (COX2) and the microsomal PGE synthase 1 (mPGES1), both involved in the synthesis of prostaglandin (PG) E 2 (PGE 2 ) (Nadjar et al., 2005; Rummel et al., 2005 Rummel et al., , 2006 . This results in an increase of PGE 2 in the MnPO. As an alternative or parallel pathway, the CVOs but also some endothelial and perivascular brain cells bearing TLRs (Crack and Bray, 2007; Rivest, 2003) , can react to PAMPs or circulating cytokines and directly secrete PGE 2 , cytokines or other mediators in the brain (Fig. 1a) .
The key role of PGE 2
PGE 2 is considered as a major pyrogenic mediator of fever (Engstrom et al., 2012; Matsumura et al., 1998; Yamagata et al., 2001) . The role of PGE 2 in induction of fever in mammals was already reported in 1971 by Milton and Wendlandt (1971) who demonstrated that microinjection of PGE 2 into the third ventricle of conscious cats and rabbits cause a rise of body temperature. The subsequent studies using inhibitors of PGE 2 synthesis clearly confirmed that PGE 2 plays essential role in fever expressed by mammals (reviewed by Ivanov and Romanovsky, 2004; Blatteis et al., 2005) . PGE 2 biosynthesis involves three successive enzymatic reactions (Pecchi et al., 2009) : firstly, arachidonic acid (AA) is released by the action of phospholipase A2 (PLA2) on the cell membrane phospholipids; secondly, AA is metabolized in PGG 2 then converted to PGH 2 by the action of COX; thirdly, PGH 2 is finally metabolized in PGE 2 by the mPGES1. Two principal isoforms of COX enzymes are described, COX1 and COX2 (Pecchi et al., 2009) . While the COX1 is constitutively expressed in many tissues, COX2 is mainly an inflammatory-inducible enzyme as mPGES1. Both COX2 (Steiner et al., 2005) and mPGES1 (Engblom et al., 2003) were shown to be indispensable for LPS-induced fever. In addition to the PGE 2 locally produced in the brain, PGE 2 can also be secreted at the periphery predominantly by hepatic and pulmonary macrophages (Li et al., 2006; Simm et al., 2016; Steiner et al., 2006) . This peripheral PGE 2 binds to albumin which protects it from enzymatic degradation during its journey to the brain via the bloodstream (Ivanov and Romanovsky, 2004) . Independently of its peripheral or cerebral origin, PGE 2 bind to a PGE 2 receptors on a specific group of neurons in the median preoptic nucleus (MnPO). Four subtypes of PGE 2 receptors have been described, namely EP1-EP4 (Oka, 2004) , among which EP3 was shown to be critical in the induction of fever (Lazarus et al., 2007; Saper et al., 2012; Ushikubi et al., 1998) . These EP3 receptor-bearing neurons are GABAergic neurons (Nakamura et al., 2002) , which through neuronal projections inhibit the activity of neurons in dorsomedial nucleus of the hypothalamus (DMH) and rostral medullary raphe (rMR) (Nakamura, 2011) . The binding of PGE 2 to the EP3 receptor-bearing neurons reduces their activity and so disinhibits the downstream neurons in the DMH and rMR. The disinhibition of neurons in the DMH induces excitatory outputs on sympathetic premotor neurons in the rMR, which in turn activate the sympathetic preganglionic neurons (Nakamura, 2011) . This triggers the release of norepinephrine (NE) which elicits intrinsic thermogenesis in brown adipose tissue (non-shivering thermogenesis) and heat conservation by peripheral vasoconstriction. Moreover, the disinhibition of rMR neurons excites the somatomotor neurons which release acetylcholine (ACh) and activate skeletal muscles for shivering. The increased thermogenesis by shivering and non-shivering dependent processes and the reduction of heat loss by peripheral vasoconstriction lead to the elevation of core temperature (Nakamura, 2011; Saper et al., 2012) (Fig. 1a) .
The neural pathway
Alternatively to the classical humoral activation pathway described above, a neural pathway was also suggested for the induction of fever. It relies on the stimulation of peripheral sensory nerves, i.e. vagal (Blatteis et al., 2000; Romanovsky, 2000) and trigeminal (Navarro et al., 2006) afferences by PGE 2 . The presumed pathway consists of a first synapse in the nucleus of the solitary tract (NTS), followed by travelling of the signal via ventral noradrenergic bundle to the POA where it induces the release of NE, hence stimulating synthesis of PGE 2 . This neural stimulation of fever is presumed to be responsible for short onset of fever, as compared to fever resulting from the humoral pathway (Roth and Blatteis, 2014) .
Thermoregulatory behaviors
Beside the increase of core temperature, fever expression in mammals also involves several behavioral responses such as warmth seeking . Neither the neural pathways controlling these behaviors nor the role of PGE 2 in this context have been unravelled (Saper et al., 2012) . Craig (2002) postulated that neural pathways for discriminatory thermal sensitivity could follow the thalamo-cortical pathways (Craig, 2002) . Moreover, experiments in rats with important electrolytic lesions performed in the POA demonstrate that destruction of this brain region does not impact their ability to express thermoregulatory behaviors but impair their capacity for autonomic thermoregulation . In conclusion, the neural pathways controlling these behaviors are different from those controlling autonomic thermogenesis (Nakamura, 2011; Saper et al., 2012) . Further investigations are required to unravel the induction pathways of behavioral thermoregulation in endotherms.
Regional endothermy in ectothermic vertebrates
Ectotherms, in most of the cases, have a body temperature very close to the temperature of the environment in which they reside. Therefore, they mostly control their body temperature by thermoregulatory movement behavior. In a temperature gradient, ectotherms select a species-specific range of preferred temperature which is defined as final thermal preferendum. Besides behavior, some ectothermic vertebrates including pythons (Hutchison et al., 1966) , tegu lizard ) and a small number of fish species (less than 0.1% of described fish), such as tunas (family Scombridae), lamnid sharks (family Lamnidae), and billfishes (families Istiophoridae and Xiphiidae) (Bernal et al., 2001 (Bernal et al., , 2005 Block and Finnerty, 1994; Block et al., 1993; Dickson and Graham, 2004) , are able to maintain a higher temperature of specific tissues and organs by endogenous thermogenesis. These animals are called facultative or regional endotherms. Thermogenesis in both pythons and tegu lizards is observed during reproductive season (Hutchison et al., 1966; Tattersall, 2016) . In brooding pythons, it is based on shivering and it leads to the increase of the incubation temperature of the eggs (Harlow and Grigg, 1984) . Fish belonging to regional endotherms generate heat in few muscles during locomotory activity (Carey and Teal, 1966) . These fish have countercurrent vascular heat exchanger systems called retia mirabilia ("wonderful nets"). It is composed of small arterioles and venules that are closely opposed to allow heat transfer from out-flowing warm venous blood arriving from the heat producing organ to inflowing cold arterial blood arriving from the gills. This allows a very efficient retention of internally generated heat and its distribution to specific organs (Carey and Teal, 1966; Block, 1991 . Elevated temperature in these specific organs has advantages related to the increasing swimming speed and distains. It may also increase the rate of digestion and absorption of food, as well as may improve vision and brain functions (Block and Carey, 1985; Carey and Teal, 1966; Goldman, 1997; Stevens and Fry, 1971) . Very recently, a whole-body form of endothermy has been described in a large, mesopelagic fish, the oprah (Lampris guttatus) (Wegner et al., 2015) . Oprah produces heat by the dark red aerobic pectoral musculature, which is used during swimming. Unlike other fish, oprah has retia mirabilia inside thick, fat-insulated gill arches and distributed heat through the whole body (including heart) by the circulatory system (Wegner et al., 2015) .
Behavioral fever in ectothermic vertebrates
In response to infection or injection of exogenous pyrogens, ectotherms can increase their body temperature above their usual final thermal preferendum. This process occurs through behavioral regulation, which leads the animals to migrate to warmer environment. This phenomenon is known as behavioral fever and is defined as an acute increase of the final thermal preferendum driven by pathogen infection (Evans et al., 2015; Reynolds and Casterlin, 1982) .
The first description of behavioral fever in ectotherms was published 40 years ago by Vaughn et al. (1974) who demonstrated that desert iguana (Dipsosaurus dorsalis) injected with killed Gramnegative bacterium Aeromonas hydrophila tend to migrate to warmer environment, which resulted in increase of body temperature of approximately 2 C (Vaughn et al., 1974) . Up to date, behavioral fever has been described in all groups of ectothermic vertebrates including reptiles (Bernheim and Kluger, 1976a,b; Burns et al., 1996; do Amaral et al., 2002; Hallman et al., 1990; Kluger et al., 1975; Merchant et al., 2007 Merchant et al., , 2008 Monagas and Gatten, 1983; Muchlinski et al., 1995; Ortega et al., 1991; Ramos et al., 1993; Vaughn et al., 1974) , amphibians (Casterlin and Reynolds, 1977; Kluger, 1977; Murphy et al., 2011; Myhre et al., 1977; Richards-Zawacki, 2010; Sherman et al., 1991) , fish (Boltaña et al., 2013; Cabanac and Laberge, 1998; Covert and Reynolds, 1977; Grans et al., 2012; Reynolds, 1977; Reynolds et al., 1976 Reynolds et al., , 1978 but also in invertebrates (Campbell et al., 2010; Elliot et al., 2002) and newborn mammals, which in response to bacterial pyrogens are unable to develop fever physiologically but do so behaviorally (Satinoff et al., 1976) . However, there have been some contrasting data showing that injection of pyrogens, killed bacteria or parasites in some species of lizards (Don et al., 1994; Hallman et al., 1990; Laburn et al., 1981; Muchlinski et al., 1995; Ortega et al., 1991; Schall, 1990) , turtles (Zurovsky et al., 1987b) , snakes (Burns et al., 1996; Zurovsky et al., 1987a) and fish (Marx et al., 1984) , did not result in febrile response and increase of final thermal preferendum. These negative results have been subsequently discussed. Several factors might have affected the results of these experiments: (i) the use of inappropriate dose of pyrogenic substances or bacteria, (ii) the use of various temperature gradient systems, and (iii) seasonal changes (Bicego et al., 2007; Cabanac, 1990) . Moreover, it has been suggested that febrile response did actually occur in the experiments of Laburn et al. (1981) and Zurovsky et al. (1987a,b) , but were masked by identical responses due to stress consequent to handling for the saline injections (Cabanac, 1990) . Several other reports of behavioral fever in the same orders of reptiles and fish suggest that behavioral fever in ectothermic vertebrates seems to be a common response of these organisms against different exogenous pyrogens.
Most of the studies on behavioral fever in ectothermic vertebrates have been performed under laboratory-based conditions, using different animal models and systems to monitor the changes in thermal preferendum after infection or injection by pyrogenic substances. However, Richards-Zawacki (2010) demonstrated that in natural conditions the wild Panamanian golden frogs (Atelopus zeteki) are able to increase their body temperature by behavioral movement in response to infection with pathogenic chytrid fungus Batrachochytrium dendrobatidis. Author reported that mean frog body temperatures were higher during the epidemic periods as compared to pre-epidemic periods and this change was not related to differences in environmental temperature during sampling periods (Richards-Zawacki, 2010).
Exogenous pyrogens in ectothermic vertebrates
Various exogenous pyrogens have been demonstrated to induce behavioral fever in ectothermic vertebrates (Fig. 1b) including LPS (Cabanac and Laberge, 1998; do Amaral et al., 2002; Grans et al., 2012; Merchant et al., 2007 Merchant et al., , 2008 Reynolds et al., 1978; Sherman et al., 1991) , various species of Gram-positive and Gram-negative bacteria, administrated as killed or live forms (Bernheim and Kluger, 1976a,b; Burns et al., 1996; Casterlin and Reynolds, 1977; Covert and Reynolds, 1977; Hallman et al., 1990; Kluger, 1977; Kluger et al., 1975; Monagas and Gatten, 1983; Muchlinski et al., 1995; Myhre et al., 1977; Ortega et al., 1991; Ramos et al., 1993; Reynolds, 1977; Reynolds et al., 1976 Reynolds et al., , 1978 Vaughn et al., 1974) , fungi (Murphy et al., 2011; Richards-Zawacki, 2010) , ectoparasite (Gyrodactylus turnbulli) (Mohammed et al., 2016) , synthetic dsRNA (poly I:C) (Boltaña et al., 2013) or viruses (Boltaña et al., 2013) . Because of the relatively low sensitivity of fish and toads to LPS, the dose used to induce behavioral fever in these animals (toad:
200 mg/kg, injected into the lymph sac (Bicego-Nahas et al., 2000) ; fish: 1000 mg/kg, injected intraperitoneally (Grans et al., 2012) ) is 20e200 times higher than those effective to induce fever in rats (5 mg/kg, injected intravenously (Soares et al., 2009) ; 50 mg/kg, injected intraperitoneally (Tavares et al., 2006) ) and guinea pigs (10 mg/kg, injected intra-arterially (Roth and de Souza, 2001) ).
Behavioral fever in ectothermic vertebrates is induced by pyrogens in a dose-dependent manner (do Amaral et al., 2002; Ramos et al., 1993) . However, different pyrogens have different effects on the febrile response when administered to the same animal species.
For example, in alligators (Alligator mississippiensis), intraperitoneal injection of heat-killed A. hydrophila, a Gram-negative bacterium known to infect crocodilians, resulted in an increased body temperature, while injection of the same dose of Staphylococcus aureus (Gram-positive) did not elicit a febrile response (Merchant et al., 2007) . The injections of heat-killed pathogenic Mycobacterium (M. xenopi and M. ranae) into frog (Rana esculenta) caused behavioral fever while non-pathogenic bacteria (M. aquae II) caused no change in temperature preferendum (Myhre et al., 1977) .
Apart from exogenous pyrogens, increase of the body temperature has been also induced by handling in lizard (Callopistes maculatus) (Cabanac and Gosselin, 1993) , and turtle (Clemmys insculpta) (Cabanac and Bernieri, 2000) , but not in toads (Cabanac and Cabanac, 2004) and goldfish (Carassius auratus) (Cabanac and Laberge, 1998) . However, very recent study demonstrated stressinduced hyperthermia in zebrafish (Danio rerio) (Rey et al., 2015) . The raise of body temperature originating from stress is called emotional fever and is well described in mammals (Briese and Cabanac, 1991; Briese and De Quijada, 1970) .
Evolutionary conserved mechanisms existing between fever of mammals and behavioral fever of ectothermic vertebrates
As mentioned before, the preoptic area (POA) of the brain of mammals plays an important role in thermoregulation and in the induction of fever. It is also known to be a thermoregulatory center of non-mammalian vertebrates, and temperature-sensitive neurons have been reported in POA of fish and reptiles (Cabanac et al., 1967; Nelson and Prosser, 1979; Prosser and Nelson, 1981) . demonstrated a role of the POA in the behavioral fever induced by LPS in toads Bufo paracnemis. Electrolytic lesions in the POA completely abolished LPS-induced behavioral fever, whereas lesions outside the POA did not affect the febrile response .
A few studies performed on the regulation of behavioral fever in ectothermic vertebrates have suggested an evolutionary conserved role of PGs between behavioral fever of ectothermic vertebrates and fever of mammals. Two experimental strategies have been applied to test the role of PG in the expression of behavioral fever in ectothermic vertebrates: (i) induction of behavioral fever by injection of PG or (ii) inhibition of behavioral fever expression by administration of PG synthesis inhibitors. Microinjection of PGE 1 into the third ventricle of the brain of the salamander Necturus maculosus (Hutchison and Erskine, 1981) or into the diencephalon of the frog Rana esculenta (Myhre et al., 1977) resulted in an increase of the final thermal preferendum. There is, however, one contrasting study showing no behavioral fever in fish Lepomis gibbosus after PGE 1 injection (Marx et al., 1984) . The inhibition of PG synthesis by the use of COX inhibitors, sodium salicylate (Bernheim and Kluger, 1976a,b) and indomethacin , attenuated the behavioral fever induced by bacteria A. hydrophila in lizard Dipsosaurus dorsalis and by LPS in toads Bufo paracnemis, respectively. The antipyretic drug acetaminophen, when dissolved in the water, counteracts the febrile response of fish Lepomis macrochirus to bacterial pyrogen, possibly by inhibiting production and/or release of PGs (Reynolds, 1977) .
In fish, increase of PGE 2 level after in vitro stimulation of primary macrophage cultures with LPS as well as up-regulation of COX2 gene after in vivo infection with bacteria Aeromonas salmonicida, was demonstrated (Zou et al., 1999) . Moreover, increased level of plasma PGE 2 was correlated with the induction of behavioral fever in dsRNA-challenged zebrafish (Boltaña et al., 2013) . These data, together with studies using COX inhibitors strongly indicate that synthesis of PG seems to be necessary for the expression of behavioral fever in ectothermic vertebrates (Fig. 1b) .
Much less is known about the endogenous pyrogens in ectothermic vertebrates. Myhre et al. (1977) demonstrated an increase of final thermal preferendum in frog Rana esculenta, injected with blood plasma from frogs pre-injected with pathogenic bacteria M. ranae (Myhre et al., 1977) . Also, lizards Dipsosaurus dorsalis developed behavioral fever after injection of supernatant collected from ex vivo incubated leukocytes isolated from peritoneal cavity of lizards pre-injected with dead A. hydrophila or 3% thioglycollatesaline solution, as well as from rabbits in which fever was previously induced (Bernheim and Kluger, 1977) . Injection of denatured supernatants did not affect body temperature (Bernheim and Kluger, 1977) . While these results suggest that peripheral PGs or cytokine mediators could act as endogenous pyrogens in ectothermic vertebrates like in endotherms, this has never been demonstrated.
Similarly, little is known about endogenous antipyretic substances in ectotherms. Studies in toads Bufo paracnemis revealed that arginine vasotocin (AVT), the non-mammalian analogue of the mammalian antipyretic molecule arginine vasopressin (AVP), has antipyretic functions and abolished LPS-induced behavioral fever by acting in an unknown site of the brain (Bicego-Nahas et al., 2000) . However, more studies are needed to determine the nature of endogenous antipyretics and mechanisms of their actions in ectothermic vertebrates.
Adaptive value of behavioral fever in ectothermic vertebrates
A great advantage of using ectothermic vertebrates as animal models to study fever was demonstrated in the research aiming to resolve the question on the adaptive value of fever. Indeed, it revealed that ectothermic vertebrates are better able to fight infection by increasing their body temperature as a consequence of behavioral fever expression. Prevention of behavioral fever development during bacterial infection with A. hydrophila in lizards Dipsosaurus dorsalis, by physical (Kluger et al., 1975) or pharmacological means (injection of sodium salicylate) (Bernheim and Kluger, 1976a) , as well as in fish Carassius auratus by physical means (Covert and Reynolds, 1977) , was harmful to infected animals and resulted in higher mortality as compared to individuals which were allowed to express behavioral fever. Recently, Boltaña et al. (2013) demonstrated that zebrafish (Danio rerio) infected with spring viremia of carp virus (SVCV) and allowed to express behavioral fever, rapidly combat viral infection, do not develop clinical symptoms of infection and clear replicating virus from the body, in contrast to zebrafish held under constant conditions (Boltaña et al., 2013) .
Studies using wild golden frog populations (Atelopus zeteki) revealed that unrelated to the changes of environmental temperatures, both infected (with B. dendrobatidis) and uninfected frogs had higher average body temperatures during epidemic periods as compared to pre-epidemic, and uninfected frogs exhibited even higher average temperatures than infected frogs (RichardsZawacki, 2010) . One of the hypothesis to explain this finding was the possible latency to return to a normal body temperature after resolution of the infection that was never monitored in laboratorybased studies. Author suggested that maintaining an elevated body temperature for a longer time might allow complete clearing of the fungal infection as well as protecting frogs from resurgence of infection (Richards-Zawacki, 2010) . However, this hypothesis needs to be tested in laboratory-based conditions where individual infection status of each studied animals can be monitored during the onset of behavioral fever.
Elevation of temperature above the final thermal preferendum reduces the growth rate and survival of the pathogens but also affects the activity of the host immune system. There are only two studies demonstrating the direct effect of the changes in thermal preference driven by behavioral fever on immune parameters in fish. Grans et al. (2012) demonstrated significantly higher IL1b expression in head kidney of rainbow trout (Oncorhynchus mykiss) injected with LPS and subjected to simulated behavioral fever by increasing water temperature of 2.5 C (up to 16.0 C) after injection, as compared to fish that were injected with LPS and kept in constant water temperature of 13.5 C (Grans et al., 2012) . The study of Boltaña et al. (2013) suggested that behavioral fever induced by injection of zebrafish with synthetic dsRNA (poly I:C) and demonstrated by shift in thermal preference from 29.4 C to 33.1 C, promotes the emergence of a highly specific anti-viral immune response by induction of the transcription of specific genes in brains of zebrafish (Boltaña et al., 2013) . This is in accordance with previous observations that higher temperature has a positive effect on viral clearance in fish (Avunje et al., 2012; Novoa et al., 2010) . Moreover, behavioral fever significantly affected transcription of neuroregulatory receptors and in particular components of the inflammatory reflex, a7 nicotinic acetylcholine receptor (a7nAChR) and acetylcholinesterase (AChE) in the brain, suggesting that behavioral fever plays a role in inhibition of antiinflammatory reflex and provides conditions for increased antiviral responses (Boltaña et al., 2013) .
Conclusions
Behavioral fever in ectotherms and fever in endotherms are evolutionary related responses to infections. Despite relying on different physiological mechanisms, key observations such as the role of the hypothalamus and PG synthesis in both processes demonstrated their common phylogenetic origin. Together with the observation that behavioral fever also exists in invertebrates, the data summarized in this manuscript demonstrate that the expression of a febrile response to an infection is a very ancestral acquisition in evolution. Its conservation and adaptation for millions of years in both ectotherms and endotherms support the selective advantages it confers to the infected hosts. While the homology between the regulation pathways of behavioral fever and fever has been demonstrated at the level of the central nervous system, this homology has not been extended to endogenous pyrogens yet. Further studies are required to determine whether the orthologues of the cytokines identified as endogenous pyrogens in endotherms also play a role in behavioral fever of ectotherms. The development of zebrafish as a model organism for immunological and physiological studies in fish, together with the emergence of new mutagenesis techniques (e.g. CRISPR/Cas9) provides new possibilities to study the mechanism of behavioral fever in ectothermic vertebrates.
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